Nine pigs were fed crystalline ochratoxin A in their feed at a concentration of about I mg/kg. Three pigs and their controls were killed after 3 months and 6 pigs and controls were killed after 2 years. A decrease of the ratio TmlB..tI1/CI,,. increased urinary glucose excretion and decreased ability to concentrate urine. occurred within a few weeks and aggravated slightly during the 2-year period. Changes in renal structure. characterized by degeneration and atrophy of proximal tubules. interstitial fibrosis and hyalinization of glomeruli, were progressive during time of exposure. but terminal renal failure was not reached. The kidney. liver. muscular and adipose tissue contained 3 to 27 p g ochratoxin A/kg after 3 months of exposure. N o further accumulation of ochratoxin A residue was found after 2 years of exposure.
Mycotoxic nephropathy is a naturally occurring disease of pigs and poultry [5, 81. Ochratoxin A, a dihydroisocoumarin derivative linked through its 7 carboxy group to L-P-phenylalanine, is a nephrotoxic mycotoxin of several species belonging to the fungal genera Aspergillus and Penicillium. This compound. occurring in feeds and foods, has been observed as a major disease determinant of porcine and possibly also avian nephropathy [5, 61 . Porcine nephropathy similar to that of naturally occurring cases [3, 141 has been reproduced by exposure to ochratoxin A during a 3to 4month period [7] . Ochratoxin A has been suggested as a causal determinant of Balkan (endemic) nephropathy [4] . A recent survey indicated that foodborn exposure to ochratoxin A is higher in an endemic area than in nonendemic areas [ 121.
Materials and Methods

Experiment pigs
Nine litters of pigs. each comprising IWO specific pathogen-free Danish Landrace females. were purchased at 8 to 10 weeks old. Each weighed about 20 kilograms. One pig from each 
Feed
The pigs were fed twice a day. The daily feed allowance for pigs up to 90 kilograms of body weight was as previously reported [7] . To facilitate handling of the pigs during measurements of renal function the feed consumption during the later part of the study was kept at maintenance level. In this period the composition was as follows (in percentage): barley, 88.8; soybean meal, 6 . 0 calcium carbonate, 1.6; dicalcium phosphate, 2.6; sodium chloride, 0.8; and vitamin-trace mineral mixture, 0.2. The nephrotoxic mycotoxin citrinin was not in the feed. The concentrations of heavy metals and oxalates in the feed are listed in table 1. Wheat straw was used as bedding; the pigs could consume straw ad libitum. Individual water consumption was measured daily.
Crystalline ochratoxin A
Ochratoxin was produced by a strain of AspergiZtus achruceus (NRRL 3174) according to a previously reported procedure [9] . The crystalline preparation contained 90% ochratoxin A and 5% ochratoxin B, as determined by thin layer chromatography.
Ochratoxin A exposure
The crystalline toxin preparation was mixed with lactose and distributed in gelatine capsule (0.5 milliliter) given orally every afternoon for 2 years. The control group was given capsules containing only lactose. The dosage of ochratoxin A was related to body weight, corresponding to a concentration of about I mg/kg of the feed; this was an average concentration found in feed samples associated with field cases of mycotoxic porcine nephropathy [ I I]. The mean amount of ochratoxin A available to each pig for the period was 37.7 pg/kg body weight 2 0.98 (standard error). The mean amounts at various times during the experiment are in table 11.
Sampling and analysis of blood and urine
Blood and urine samples were collected [7] I week before the start of the experiment and I week. I, 2, 3.4, 10, 15. 18, 22 and 24 months after the start. The following determinations were done on blood samples: hematocrit, hemoglobin, albumin, creatinine, alfa-porcine low-molecular-weight (a-PLMW) protein [ 161. and total erythrocyte and leukocyte and differential leukocyte counts. Urine samples were analyzed for creatinine, a-PLMW protein and albumin. 
Renal function
Measurements of renal clearance of inulin (glomerular filtration rate) and paraaminohippuric acid. of the maximal tubular excretion of this acid and of glucose excretion were done on six pigs from each group 5 and 14 weeks after the start of the experiment. Two years after the start of the experiment these measurements were done on three control and six experimental pigs. Specific gravity and osmolality were measured on urine samples from all pigs 6 and 13 weeks and 2 years after the start by published methods [7] .
Pathology
After the right kidney was removed the left kidney was fixed by intravital perfusion with glutaraldehyde [2] .
Fifty-gram samples of kidney. liver, striated muscle and subperitoneal adipose tissue were collected for ochratoxin residue analysis. Sections of most organs from all pigs were fixed in chilled neutral buffered 10% formalin and processed for histological examination.
Methods and analyses
Urine albumin was determined by electroimmunoassay [ 151 with an antiporcine albumin antiserum produced in rabbits. Creatinine was determined by a Gensac fast analyser by the alkaline picrate method. All other analyses were done as described 171. Statistical calculations.
including [-tests and multiple regression analyses were done [ 171: P c 0.05 was considered to indicate a significant difference.
Results
During the first 3 months of the experiment the pigs given ochratoxin had a significantly lower growth rate and feed conversion than did controls (table 111). In the remaining part of the experiment there was no difference in growth rate and feed conversion between the two groups. Water consumption was increased significantly in the experiment group during the entire period of exposure.
The between concentration of blood creatinine in the control group and the increased blood creatinine in the experiment group, with common correction for time in the power of 1 and 2, was 22.5. When pairs of coefficients of time in the power of 1 to 4 in the multiple regression equations for the experimental and control group were compared by use of the 1-test, no differences were noted. No significant differences were found between total and differential leukocyte counts, erythrocyte counts, hemoglobin concentrations and hematocrit values.
The renal clearances of inulin and paraaminohippuric acid measured after 5 weeks, 14 weeks and 2 years did not differ significantly between the two groups (table IV). Maximal tubular excretion of paraaminohippuric acid and the ratio of maximal tubular excretion of paraaminohippuric acid to inulin clearance (table V) were decreased in the experiment group at all measurements. The glucose reabsorption reflected by a high excretion percentage for glucose also was inhibited (table VI), and the inhibition was most pronounced after 2 years of ochratoxin exposure. The ability of the pigs to produce concentrated urine after 24 hours of water deprivation was reduced in the experiment group after 13 weeks and 2 years, but not after 6 weeks (table VII). The decrease was most pronounced after 2 years. A slight transient increase of urinary albumin was seen in a few pigs in both groups, whereas the concentration of the a-PLMW protein was within normal limits throughout the experiment.
Kidneys were pale and slightly enlarged after 3 months' exposure to ochratoxin A. The lesions, focally distributed in the cortex, consisted of degeneration primarily of proximal tubules, tubular atrophy and interstitial fibrosis. A few glomeruli looked hyalinized. .' InuIin clearance. ' Standard error of the mean (SE).
" Significantly different from control.
After 2 years of exposure kidneys of five of the six experiment pigs appeared enlarged and pale. The renal weight of the experiment group (571 grams) was significantly increased compared with that of the control group (397 grams). The cut surface had pale white streaks of fibrosis through the cortex. In two pigs the fibrosis was predominant in the inner renal cortex. In one of these a number of cysts, from barely visible to 1 millimeter in diameter, was seen throughout the cortex. The renal lymph nodes appeared normal in the pig with no macroscopical renal lesions, whereas in the other five pigs the renal lymph nodes were enlarged, particularly in the one with renal cortical cysts. Microscopic examination showed many hyalinized glomeruli ' Standard error of the mean (SE).
Significantly different from control. ' Standard error of the mean (SE).
' Significantly different from control.
in the kidneys of all pigs. In the glomeruli of the most damaged kidney the mesangial cells were enlarged with basophilic cytoplasm and enlarged nuclei ( fig. 2 ). Damage to the proximal tubules was focal in the cortex of the kidneys with mild gross changes, but diffuse in severely damaged kidneys. The tubular damage ranged from a slight dilation of the proximal tubules with a reduction of the brush border and of the height of the epithelial cells to a marked atrophy ( fig. 3 ).
In the kidney with the most advanced damage it was not possible to identify the tubular segments of the nephron. Basement membranes surrounding the atrophic tubules invariably were thick and occasionally the tubular epithelium appeared duplicated ( fig. 3, 4 ). Casts of desquamated epithelial cells and cellular debris and homogenous eosinophilic PAS-positive casts often were seen in the cortical collecting ducts ( fig. 4,5) . Ingrowth of mononuclear cells between the atrophic tubular epithelial cells was seen in severely damaged kidneys ( fig. 6 ).
The interstitial fibrosis was focally distributed generally in areas of tubular damage. Foci consisting of lymphocytes, plasma cells, macrophages and often eosinophils frequently were found in the fibrous tissue ( fig. 5 , 6 ). The interstitial fibrosis was predominant in the inner cortex.
Dilated lymphatics in the renal cortex of two pigs were lined with a delicate endothelial layer; in the perfusion-fixed preparations a proteinaceous substance and a few lymphocytes were seen ( fig. 7) . The renal lymph nodes had focal dilation of lymph sinuses with proliferating sinus histiocytes, scattered plasma cells, eosinophils and macrophages containing hemosiderin pigment. The smooth muscle cells surrounding the veins in the lymph nodes were often hyperplastic. No lesions were seen in any other organ or tissue. No lesions were found in the kidneys or other organs or tissue in control pigs.
No ochratoxin was found in any tissue of control pigs. Residues of ochratoxin A were found in all tissues investigated from experiment pigs. The tissue concentrations of ochratoxin A after 3 months and after 2 years were in the same range (table VIII), indicating that no accumulation occurred after the initial level of residue was established. In the muscle there was even a small decrease in ochratoxin concentration during the experiment. Ochratoxin B and ochratoxin a, a metabolite of ochratoxin A, were not detected in any tissue.
Discussion
Our experiment shows that a daily consumption of 25 to 50 pg ochratoxin A/kg body weight for 2 years induces progressive nephropathy in pigs. The functional and morphologic changes were similar to those found after feeding pigs for 3 months with naturally contaminated barley containing 4 mg ochratoxin A/kg [7] and to those The kidney disease was more advanced after 2 years than after 3 months [lo]. The aggravation seemed to affect only the resorptive capacity for glucose and the ability to produce a hyperosmolar urine. In spite of an aggravation of the morphological renal changes no decrease of the glomerular filtration rate could be measured. After 3 months a few obsolescent glomeruli were seen but there were substantially more after 2 years, indicating that a decrease of the glomerular filtration rate might have been a question of time.
We are not able to explain the curious fluctuations in the serum creatinine concentrations in the experiment group. As no difference in inulin clearance between the two groups was seen during the experimental period the serum creatinine changes did not reflect changes of the glomerular filtration rate. Frozen serum samples from different periods were analysed together, excluding the possibility of a methodological bias. Regression analysis indicated identical shape of serum creatinine curves of the two groups of pigs, only with the experiment group placed at a higher plateau.
Once the renal impairment had been established after a few weeks of exposure to 1 mg ochratoxin A/kg feed, only a slight aggravation in the changes of renal function and structure was seen in the remainder of the 2-year period. This might be explained by development of tissue resistance to the nephrotoxic effect of ochratoxin A. Thus repeated administration of a number o f chemicals (mercuric chloride, sodium maleate, salicylate), which induce degenerative changes, developed resistance in the target tissue to the toxic effect [I]. Signs of tolerance to the renal injury produced in guinea pig by ochratoxin A have been noted [ 181 in terms of increased reparative activity in the kidneys. Consequently, an exposure characterized by variation in the body load of ochratoxin A might have developed a more drastic renal impairment during the 2-year period than the constant exposure used in our study.
